1. Introduction {#sec1-ijms-21-04941}
===============

Central nervous system (CNS) inflammation associated with autoimmune disorders develops in multiple regional tissues, including the cerebral cortex, cerebral white matter, basal ganglia, brain stem, cerebellum, optic nerve, spinal cord, posterior ganglions, etc. The peripheral nervous system may also be affected. In myasthenia gravis, autoantibodies against acetylcholine receptors (AChRs) functionally block AChRs through the cross-linking and internalization of the receptors at the neuromuscular junction \[[@B1-ijms-21-04941],[@B2-ijms-21-04941]\]. In CNS diseases, several autoantibodies linked to paraneoplastic neurological syndromes (PNS) have been identified, such as the anti-HuD antibodies and anti-Yo antibodies in the 1980s \[[@B3-ijms-21-04941],[@B4-ijms-21-04941],[@B5-ijms-21-04941],[@B6-ijms-21-04941]\]. The discovery of specific autoantibodies has greatly impacted our understanding of progressive neurological disorders. These autoantibodies have excellent roles as diagnostic markers for PNS and early cancer detection. However, they have not been shown to have direct roles in neuronal dysfunction. In 2001, novel autoantibodies against cell surface proteins interacting with voltage-gated potassium channels (VGKC) were reported in two patients presenting with memory loss and seizures. Both of them did not have cancer, and both improved following immunotherapy \[[@B7-ijms-21-04941]\]. In 2004, autoantibodies against aquaporin 4 (AQP4) in patients with neuromyelitis optica (NMO) were reported. These antibodies were detected with cell-based assays (CBA), in which recombinant proteins expressed on the cell membrane of HEK cells preserve their conformational structures \[[@B8-ijms-21-04941]\]. In 2007, another study identified neuronal autoantibodies against the CNS glutamate receptor (NMDAR) in four young women with prominent neuropsychiatric symptoms and ovarian teratoma \[[@B9-ijms-21-04941],[@B10-ijms-21-04941]\]. This approach enabled the identification of several kinds of autoantibodies related to autoimmune encephalomyelitis (AEM).

AEM commonly develops with an acute to subacute time course and is not always associated with systemic inflammatory parameters. AEM frequently causes an increased cell number and/or protein content in the cerebrospinal fluid (CSF) and contributes to abnormal MRI/CT findings in the CNS. However, these findings are not specific to autoimmune diseases. Autoantibodies related to disease phenotypes have been identified, especially those that recognize and target neuronal cell surface synaptic receptors and ion channels in the CNS \[[@B11-ijms-21-04941]\]. The triggers for autoimmunity in CNS tissues are unknown, though some speculate that molecular mimicry mechanisms to prodromal infectious agents and common antigen-presenting tumors in affected tissue may act as triggers. Autoantibodies against synaptic receptors and channels are associated with features of limbic encephalitis, a condition that frequently affects cognition, causing behavioral changes and seizures along with a wide range of other CNS dysfunctions. When antibodies develop against astrocytes or oligodendrocytes, such as AQP4 antibodies or anti-myelin oligodendrocyte glycoprotein (MOG) antibodies, they tend to cause inflammation in the optic nerve and spinal cord structures \[[@B8-ijms-21-04941],[@B12-ijms-21-04941]\]. The associations between autoantibodies and clinical phenotypes help the diagnosis of underlying disorders. However, not all autoantibodies are symptom-specific.

Autoantibodies associated with AEM are divided into three groups based on the localization of their respective antigens within the CNS: (1) intracellular, cytoplasmic, or nuclear; (2) intracellular synaptic sites; and (3) cell surface and membrane-bound. Each group differs in response to treatment, molecular pathogenesis, antibody detection methods, associated conditions, and prognosis. Various autoantibodies related to AEM have been reported; however, not all of them have been proven to be pathogenic ([Table 1](#ijms-21-04941-t001){ref-type="table"}). Conditions with autoantibody pathogenicity include: (1) the recognition of antigens located on antibody-accessible cell surfaces, whose physiological functions are related to the observed neurological features; (2) the removal of autoantibodies ameliorates symptoms and/or neuroimaging abnormalities; (3) characteristic clinical features are observed in patients positive for the specific antibody; and (4) autoantibodies mostly belong to the immunoglobulin G (IgG) isotype, with their titer correlating with disease activity; (5) if the disease features are replicated in animal models through the use of patient autoantibodies, this would indicate the significant relevance of such autoantibodies in AEM \[[@B13-ijms-21-04941]\]. However, most reported autoantibodies do not satisfy these criteria, especially (5). However, they remain useful for the diagnosis of AEM.

2. Autoantibodies Detected in CNS Inflammatory Diseases {#sec2-ijms-21-04941}
=======================================================

2.1. Antibodies against Intracellular Antigens {#sec2dot1-ijms-21-04941}
----------------------------------------------

Autoantibodies, which target proteins located in the neuronal cytoplasm or nucleus, usually recognize small peptides and are produced in patients with cancer. These antibodies can be detected in the patients' sera and are indicative of acutely evolved severe neurological symptoms that usually precede the discovery of the cancer. This group of patients are diagnosed as having a classical form of paraneoplastic neurological syndrome (PNS) \[[@B3-ijms-21-04941],[@B4-ijms-21-04941],[@B5-ijms-21-04941],[@B6-ijms-21-04941]\]. The search for autoantibodies in PNS began in the 1970s with the use of immunohistochemistry and the Western blot. Several diseases were identified in this period. The PNS groups identified throughout this period include (1) limbic encephalitis, encephalomyelitis, or subacute sensory neuronopathy associated with small cell lung cancer and anti-Hu antibodies \[[@B15-ijms-21-04941],[@B16-ijms-21-04941]\]; (2) subacute cerebellar degeneration associated with gynecological or breast cancer and anti-Yo antibodies \[[@B17-ijms-21-04941]\]; (3) opsoclonus-myoclonus syndrome with breast cancer or thymoma and anti-Ri antibodies \[[@B18-ijms-21-04941]\]; (4) encephalomyelitis, optic neuritis, choreatic syndrome, or cerebellar degeneration associated with thymoma or small cell lung cancer and anti-CV2/CRMP5 antibodies \[[@B19-ijms-21-04941]\]; and (5) limbic encephalitis or rhombencephalitis with testicular cancer and anti-Ma2/Ta antibodies \[[@B20-ijms-21-04941]\].

Such autoantibodies can be excellent markers for the diagnosis of neurological pathologies and underlying neoplasms. However, these antibodies do not seem to have a direct pathogenic role in observed neurological symptoms, as antibody removal therapy is not effective and immunization with the target intracellular proteins or patient antibodies cannot reproduce disease features. Interestingly, it has been shown that neuronal tissues from patients with limbic encephalitis and anti-Hu antibodies were infiltrated by massive lymphocyte numbers, mostly comprised of CD8+ T cells. Further, CD8+T cells among peripheral mononuclear cells obtained from PNS patients with anti-Yo or anti--Hu antibodies had cytotoxic activity against on neurons expressing Yo or Hu antigens \[[@B21-ijms-21-04941],[@B22-ijms-21-04941],[@B23-ijms-21-04941],[@B24-ijms-21-04941]\]. Additionally, anti-Yo- or anti-Hu-positive patients share common human leukocyte antigen (HLA) class I motifs within each group \[[@B25-ijms-21-04941]\]. This indicates that, in patients with anti-Yo or anti-Hu antibodies, antigenic peptides can be presented on antigen-presenting cells, such as dendritic cells, to stimulate cognate CD8+T cells, which then attack target tissues as effector cells. Activated antigen-responsive T cells enter the CNS and directly damage relevant neurons, resulting in rapid and severe neurological disease with a poor prognosis. Young male patients with PNS associated with testicular cancer and anti-Ma2 antibodies are known to have exceptionally better disease prognoses \[[@B20-ijms-21-04941]\].

2.2. Antibodies against Intracellular Synaptic Sites {#sec2dot2-ijms-21-04941}
----------------------------------------------------

Patients with stiff-person syndrome, progressive encephalomyelitis with rigidity and myoclonus (PERM), or cerebellar ataxia associated with breast cancer or small cell lung cancer (SCLC) have antibodies against one or more proteins of GABAergic or glycinergic synapses, including glutamic acid decarboxylase 65 (GAD65), the glycine receptor (GlyR), or amphiphysin \[[@B26-ijms-21-04941],[@B27-ijms-21-04941],[@B28-ijms-21-04941],[@B29-ijms-21-04941]\].

Amphiphysin and GAD65 locate to intracellular synaptic sites and are usually difficult to recognize as target antigens. They are enriched in the presynaptic nerve terminal and have roles in endocytosis, which implies that these antigens may be transiently exposed to the extracellular space \[[@B30-ijms-21-04941]\]. In general, IgG and other macromolecules can be taken up by cells in a nonspecific manner. Once taken up, antibodies may be degraded before finding their target antigen, and thus may not be pathogenic. However, there have been passive transfer experiments with IgG fractions from patients with stiff-person syndrome and anti-amphiphysin antibodies, revealing motor hyperactivity and stiffness in mice \[[@B31-ijms-21-04941]\]. For GAD65 antibodies, the intrathecal application of patient IgG fractions containing GAD65 antibodies induced symptoms similar to those of donor patients, but these observations have not been confirmed \[[@B32-ijms-21-04941]\].

2.3. Antibodies against Cell Surface Synaptic Antigens {#sec2dot3-ijms-21-04941}
------------------------------------------------------

Autoantibodies against cell surface receptors at the neuromuscular junction have been identified in myasthenia gravis \[[@B1-ijms-21-04941],[@B2-ijms-21-04941]\] and Lambert--Eaton myasthenic syndrome (LEMS) with anti-voltage-gated calcium channel (VGCC) antibodies \[[@B33-ijms-21-04941]\]. In CNS disorders, autoantibodies against cell surface proteins were first reported in two patients with limbic encephalitis without an underlying neoplasm and without previously characterized PNS-related antibodies. These patients had autoantibodies against cell surface proteins interacting with voltage-gated potassium channels (VGKC) \[[@B7-ijms-21-04941]\]. In 2007, anti-NMDAR antibodies were discovered as being closely related to autoimmune encephalitis in young women with severe psychiatric symptoms, other characteristic symptoms, and teratomas \[[@B9-ijms-21-04941],[@B10-ijms-21-04941]\]. After this case, several reports of autoantibodies against over 16 neuron and glial cell plasma membrane proteins relating to autoimmune encephalitis were published. The targets included leucine-rich glioma-inactivated 1 (LGI1), contactin-associated protein-like 2 (CASPR2) \[[@B34-ijms-21-04941],[@B35-ijms-21-04941]\] (both constituents of the VGKC complex), the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate receptor (AMPAR) \[[@B36-ijms-21-04941],[@B37-ijms-21-04941],[@B38-ijms-21-04941]\], GABA B and A receptors (GABA~B~R, GABA~A~R) \[[@B39-ijms-21-04941],[@B40-ijms-21-04941],[@B41-ijms-21-04941]\], the glycine receptor (GlyR) \[[@B42-ijms-21-04941]\], dipeptidyl peptidase-like protein 6 (DPPX6) \[[@B43-ijms-21-04941]\], metabotropic glutamate receptors 1 and 5 (mGlyR1 and mGluR5) \[[@B44-ijms-21-04941],[@B45-ijms-21-04941]\], and others. Among these autoantibodies, anti-NMDAR antibodies are the most frequently detected in autoimmune encephalitis \[[@B46-ijms-21-04941],[@B47-ijms-21-04941]\]. Anti-LGI1 antibodies are the second most detected autoimmune encephalitis-related antibodies, usually found in older patients (mostly in their 60s) suffering from memory disturbance, seizures, and other symptoms of limbic encephalitis \[[@B48-ijms-21-04941]\].

Recently, extensive antibody tests have been performed and have revealed some patients with multiple antibodies in their sera/CSF. In these cases, the combination of anti-NMDAR antibodies and antibodies related to demyelinating disease, such as anti-AQP4 antibodies and anti-MOG antibodies, is frequently reported \[[@B49-ijms-21-04941],[@B50-ijms-21-04941],[@B51-ijms-21-04941],[@B52-ijms-21-04941]\]. Most of these patients have clinical features related to each antibody throughout the disease course. For example, a patient with anti-NMDAR antibodies and anti-MOG antibodies will suffer from an aggressive mood disorder frequently seen in anti-NMDAR encephalitis, followed by optic neuritis and cerebral cortex lesions revealed by brain MRI, a clinical feature of anti-MOG antibody-related disease. These three antigens are all present in the CNS, however at different locations. NMDARs are present in neuronal synapses and AQP4 is located at the astrocyte endfeet in contact with vessels, while MOG is located on the surface of myelin or oligodendrocytes. The triggers of these pathological combinations are not known. None of the three antibodies are produced as a secondary phenomenon of neuronal tissue breakdown. These patients may have some immunological predisposition that causes the reaction to multiple antigens.

3. Anti-NMDAR Encephalitis {#sec3-ijms-21-04941}
==========================

Anti-NMDAR encephalitis had been categorized as PNS associated with ovarian teratoma \[[@B9-ijms-21-04941]\]. However, more than half of the cases are not associated with a tumor and are now believed to occur as primary autoimmune disease. Anti-NMDAR encephalitis mostly affects previously healthy young women (median age: 21 years; range: 8 months to 85 years; extreme prevalence of female cases (80%)), however 40% of patients aged under 12 or over 45 years are male and develop unique clinical characteristics. The initial symptoms are of acute psychiatric nature and include hallucinations, paranoid thoughts, insomnia, aggressive behavior, and catatonia, bringing patients to the psychiatric ward. Reports from psychiatrists state that the frequent early symptoms of anti-NMDAR encephalitis are behavioral changes, psychosis, mood swings, catatonia, and sleep disturbance \[[@B53-ijms-21-04941],[@B54-ijms-21-04941]\]. The most frequent symptom combinations for suspected encephalitis in the early stage are mood changes and psychosis, especially in previously healthy young women. Following or together with these psychiatric symptoms, patients show disorders of consciousness, seizures, respiratory failure, bizarre involuntary movements, and autonomic disturbances, including unstable blood pressure, cardiac arrhythmia, hypersalivation, ileus, and respiratory failure. Patients with anti-NMDAR encephalitis usually have to be treated under sedation in an intensive care unit for several weeks to months. Some patients experience a prodromal viral infection with flu-like symptoms. A small number of patients were reported to develop anti-NMDAR encephalitis after herpes simplex virus encephalitis (HSE), previously termed as "relapsing neurologic symptoms post-HSE", and responded to immunological treatments \[[@B55-ijms-21-04941],[@B56-ijms-21-04941]\]. Almost 20% of HSE patients are reported to develop antibodies against neuronal cell surface proteins, mainly anti-NMDAR antibodies, suggesting that prodromal CNS viral infections might be related to autoimmune encephalitis \[[@B57-ijms-21-04941]\].

Common laboratory tests are not specific for anti-NMDAR encephalitis. The patient CSF tends to show mild pleocytosis with elevated protein content, but some cases have normal results. Oligoclonal IgG bands in the CSF are observed in two thirds of patients. An MRI of the brain reveals abnormalities in the hippocampal area, cortex, subcortex, brainstem, or cerebellum in less than 30% of the patients. Diffused slow waves are most frequently observed in electroencephalograms even in patients with frequent seizures, and 23% of patients show epileptic spikes and sharp waves, especially at the early stage \[[@B58-ijms-21-04941]\].

Patients are treated with corticosteroids, intravenous immunoglobulin, or plasmapheresis as first-line immunotherapy along with tumor resection, if applicable. If the treatment response is poor, rituximab or cyclophosphamide can be used. Titulae et al. reported that out of 501 NMDAR encephalitis patients treated using such a course of treatment, 81% improved to the level of "no symptoms" or "slight disability" during the first 24 months \[[@B46-ijms-21-04941]\]. However, 9.5% died, and anti-NMDAR encephalitis recurred in 12%. It has been generally expressed that patients with this disease experience favorable recovery. However, a certain number of patients have prolonged personality changes and memory disturbances.

The most reliable diagnostic approach for anti-NMDAR encephalitis is based on the detection of anti-NMDAR IgG antibodies in the CSF. In our lab, we have tested for anti-NMDAR antibodies using GluN1- and GluN2B-co-transfected HEK-293 cells as antigens, and the bound antibodies were detected through immunofluorescence staining ([Figure 1](#ijms-21-04941-f001){ref-type="fig"}). Autoantibody titers usually correlate with disease activity.

The IgG isotype is believed to be important for the pathogenesis of anti-NMDAR encephalitis. There have been reports stating that certain psychotic patients (with schizophrenia, mood disorders, etc.) have IgM or IgA anti-NMDAR antibodies, usually present in low titers in patient sera \[[@B59-ijms-21-04941],[@B60-ijms-21-04941]\]. Pruss et al. reported seven patients with IgA antibodies against NMDAR in their sera. These anti-NMDAR IgA antibodies in serum caused a dramatic decrease in the levels of NMDAR and other synaptic proteins in cultured neurons, along with prominent changes in NMDAR-mediated currents. These effects correlated with the titer of anti-NMDAR IgA antibodies and were reversed after removing the patient sera from the culture media. Further, comprehensive clinical assessments and brain metabolic imaging revealed neurologic improvement after immunotherapy and concluded that a subset of patients with slowly progressive cognitive impairment had underlying synaptic autoimmunity with anti-NMDAR IgA antibodies \[[@B61-ijms-21-04941]\].

Considering the relationship between autoantibodies and encephalitic inflammation, antibody-mediated autoimmune encephalitis should be abruptly caused by the production of antigen-specific, high-affinity IgG antibodies, whereas naturally occurring IgA antibodies might chronically affect the maturation of synapses, in turn causing neuropsychiatric disturbances \[[@B62-ijms-21-04941]\].

Role of Antibodies in Anti-NMDAR Encephalitis
---------------------------------------------

About 30--40% of anti-NMDAR encephalitis cases are associated with teratomas expressing neuronal antigens inside the tumor that might sensitize peripheral lymphocytes. Anti-NMDAR antibodies were shown to bind to neurons in the hippocampus; however, no neuronal death or deposits of complement were observed, even though the autoantibodies were predominantly IgG1, a subclass that can activate complement \[[@B63-ijms-21-04941]\]. Anti-NMDAR antibodies recognize neuronal cell surface NMDARs in their native conformation. Thus, antibody detection requires the use of native antigens expressed on the cell surface. Such detection can be achieved through the immunohistochemistry of CNS tissue, cultured neuronal cells, or relevant cDNA-transfected cultured cells (usually using HEK293 cells) as sources of antigen. NMDARs are comprised of four subunits. GluN1 is expressed together with GluN2 or GluN3, and these complexes are usually observed as a combination of two GluN1 subunits and two GluN2 subunits (GluN2A or GluN2B) \[[@B64-ijms-21-04941],[@B65-ijms-21-04941]\]. The most important site of antibody binding is located at the N368/G369 region of the extracellular domain. Interestingly, patient antibodies could not react to small peptides containing this region \[[@B66-ijms-21-04941]\]. Antibody detection is now achievable through commercial detection kit systems using GluN1-mono-transfected HEK293 cells and called anti-NR1 antibodies.

The role of anti-NMDAR antibodies has been extensively investigated. Striking symptom similarities have been observed in models treated with NMDAR-specific antagonists, such as phencyclidine and ketamine \[[@B67-ijms-21-04941]\]. In patients with anti-NMDAR-encephalitis, antibody removal through plasmapheresis and the suppression of antibody production through immunosuppressive therapy ameliorate the disease. These observations have incentivized studies with the aim to determine whether autoantibodies are pathogenic. Initial studies using dissociated rat hippocampal neurons incubated with patient antibodies for 3--7 days showed a selective and reversible decrease in NMDAR surface density, and a whole-cell patch-clamp procedure of cultured neurons revealed that patient autoantibodies specifically decreased the synaptic NMDAR-mediated currents without altering the AMPA receptor-mediated currents \[[@B63-ijms-21-04941]\].

We showed that the IgG from patients with anti-NMDAR encephalitis inhibited the induction of long-term potentiation (LTP) in mouse hippocampal slices. The inhibition of LTP induction was reversed through treatment with antibody-depleted patient CSF. Moreover, the inhibition of LTP induction could not be detected after treatment with CSF samples from viral meningoencephalitis, neuroinflammatory disorders such as multiple sclerosis, or other neurodegenerative diseases, suggesting that the anti-NMDAR antibodies in patient CSF are closely related to the memory disturbance observed in anti-NMDAR encephalitis patients \[[@B68-ijms-21-04941]\].

To further understand the pathological mechanisms of this disease, we examined the effects of autoantibodies on the behavior of mice that were injected (in the lateral ventricles) with the IgG fraction of the CSF from anti-NMDAR-Ab-positive patients. We also assessed the histological alterations in the brain tissue of these mice. The IgG from patients' CSF positive for anti-NMDAR antibodies was infused into the lateral ventricles of mice continuously for 4 weeks using an osmotic pump. Serial behavior tests such as spontaneous locomotor activity, the open field test, the novel object recognition test, and the Morris water maze test were then performed. Mice treated with NMDAR-CSF demonstrated the deterioration of spatial memory functions, as assessed by the Morris water maze test. The autoantibodies were predominantly IgG1; however, no complement deposition was observed in the brain tissue \[[@B69-ijms-21-04941]\].

Planagumà et al. also reported that the mice treated with anti-NMDAR encephalitis patients' CSF infused into both lateral ventricles showed memory disturbance, as revealed by an object recognition test. The mice recovered after CSF infusions were discontinued \[[@B70-ijms-21-04941]\]. The observed effects occurred in parallel to anti-NMDAR IgG binding to the mouse brain, as revealed through the bound IgG extraction methods. This study and our work confirm that patient anti-NMDAR antibodies directly cause the memory disturbance that is observed in patients suffering from anti-NMDAR encephalitis. However, the continuous infusion of a large volume of antibody-positive CSF could not reproduce the wide range of remaining symptoms.

Taraschenko et al. reported that patient CSF or purified IgG induced frequent seizures in 33 of 36 mice. Memory deficits, anxiety-related behavior, or motor impairment were not observed upon assessment after 2 weeks of CSF treatment. Furthermore, there was no evidence of hippocampal cell loss or astrocyte proliferation \[[@B71-ijms-21-04941]\]. Taken together, the available evidence has not yet fully confirmed the pathogenic role of anti-NMDAR antibodies in autoimmune encephalitis.

4. CNS Diseases Associated with Cell Surface-Targeting Antibodies Other Than Anti-Nmdar Antibodies {#sec4-ijms-21-04941}
==================================================================================================

Autoantibodies that have been associated with encephalitis include antibodies against over 16 targets. Among them, antibodies targeting the AMPA receptor (AMPAR), GABA~B~ receptor, and LGI1 are related to the symptoms of limbic encephalitis. The LGI1, GABA~B~R, and AMPAR pathologies may have a more indolent course causing confusion, behavioral changes, seizures, and memory disturbance, and tend occur in older patients. They do not show extreme female predominance, as with anti-NMDAR encephalitis.

4.1. Anti-AMPAR Antibodies {#sec4dot1-ijms-21-04941}
--------------------------

The AMPAR is an ionotropic glutamate receptor present as the tetramers of GluA1/2 and GluA2/3. Patients with anti-AMPAR antibodies are usually older than those with anti-NMDAR antibodies, and mainly have the symptoms of limbic encephalitis. About 70% of them have an underlying tumor, such as SCLC or thymoma. Immunotherapy or tumor treatment are effective for their neurological symptoms, but some experience relapses \[[@B38-ijms-21-04941]\].

4.2. Anti-LGI1/Anti-CASPR2 Antibodies {#sec4dot2-ijms-21-04941}
-------------------------------------

The autoantibodies formerly referred to as anti-VGKC antibodies are now termed anti-LGI1 or anti-Caspr2 antibodies, depending on their direct target antigen \[[@B33-ijms-21-04941],[@B34-ijms-21-04941]\]. LGI1 is a secreted glycoprotein that interacts with presynaptic ADAM (a disintegrin and metalloprotease) 23 and postsynaptic ADAM22, organizing a trans-synaptic protein complex which includes presynaptic Kv1.1 potassium channels and postsynaptic AMPA receptors \[[@B72-ijms-21-04941],[@B73-ijms-21-04941]\]. The LGI1 protein was initially found in the dentate molecular layer and granule cell mossy fibers, and it was thought to be secreted from both axonal presynapses and dendritic postsynapses \[[@B74-ijms-21-04941]\]. The mutations of *LGI1* cause autosomal dominant partial epilepsy with auditory seizures (autosomal dominant lateral temporal lobe epilepsy: ADLTE) \[[@B75-ijms-21-04941]\]. LGI1 knockout in mice or the preincubation of primary neurons with patient anti-LGI1 antibodies induces the downregulation of synaptic AMPARs; however, there is no direct evidence of LGI1 antibody-mediated effects on neuronal excitability and synaptic transmission \[[@B76-ijms-21-04941]\].

Anti-LGI1 antibody-positive patients are usually of an older age (median age: 60 years); there is a slight male predominance, and 60% of the patients have hyponatremia. The symptoms of limbic dysfunction can be preceded by faciobrachial dystonic seizures that last a few seconds and may occur many times during the day \[[@B77-ijms-21-04941]\]. MRI reveals basal ganglia hyperintensity in these patients. About 70% of patients improve after immunotherapy, but over 70% of them show residual cognitive dysfunction. Most patients with anti-LGI1 antibodies do not have cancer. Anti-LGI1 antibodies and anti-CASPR2 antibodies are mainly IgG4 and do not fix complement, which differs from other antibodies related to limbic encephalitis \[[@B48-ijms-21-04941]\].

Patients with anti-CASPR2 antibodies develop limbic encephalitis sometimes associated with neuromyotonia and autonomic symptoms (Morvan syndrome). Approximately 20% of the patients also have a thymoma. Immunotherapy and tumor treatment results in an improvement in 93% of the patients, while 25% of patients experience relapses \[[@B78-ijms-21-04941]\].

4.3. Anti-GABA~B~R Antibodies {#sec4dot3-ijms-21-04941}
-----------------------------

GABA~B~R is a G protein-coupled receptor for the inhibitory neurotransmitter GABA. Patients with autoantibodies against this receptor have clinical features of limbic encephalitis associated with seizures (status epilepticus). Approximately 50% of the patients have SCLC. Most patients show favorable outcomes with immunotherapy and tumor treatment; however, refractory status epilepticus could occur \[[@B40-ijms-21-04941]\].

4.4. Anti-GABA~A~R Antibodies {#sec4dot4-ijms-21-04941}
-----------------------------

The GABA~A~R is a ligand-gated ion channel that mediates the majority of fast inhibitory transmission in the brain. GABA~A~Rs are heteropentamers consisting of five homologous subunits; most of them contain two α, two β, and one γ or δ subunit. In patients with autoantibodies against the GABA~A~R, the predominant targets are subunits α1 and β3 \[[@B76-ijms-21-04941]\]. Patients with GABA~A~R antibodies are characterized by psychiatric disorders, cognitive deficits, prominent seizures, or status epilepticus. MRI shows multifocal T2/FLAIR high-signal lesions in the cerebrum \[[@B79-ijms-21-04941]\].

4.5. Anti-mGluR5 Antibodies {#sec4dot5-ijms-21-04941}
---------------------------

Eight subtypes of the metabotropic glutamate receptor (mGluR) are known in mammals. Among them, mGluR1 and mGluR5 are reported to be targets in autoimmune encephalitis. Patients with anti-mGluR1 antibodies show cerebellar ataxia, while limbic encephalitis occurs as an anti-mGluR5 antibody-related disorder. mGluR5 regulates rapid synaptic transmission in the hippocampus via its functional interaction with NMDAR in LTP regulation \[[@B80-ijms-21-04941]\]. Patients with anti-mGluR5 antibodies develop psychiatric symptoms associated with limbic encephalitis. This pathology is frequently associated with Hodgkin's lymphoma; however, the neurological symptoms are quickly alleviated with immunotherapy \[[@B45-ijms-21-04941]\].

4.6. Anti-GlyR Antibodies {#sec4dot6-ijms-21-04941}
-------------------------

GlyR is a postsynaptic chloride channel receptor mainly expressed in the brain stem and spinal cord \[[@B81-ijms-21-04941]\]. It is involved in inhibitory synaptic transmission and the fine regulation of motor neuron excitability. Anti-GlyR α-subunit antibodies are associated with muscle stiffness and painful spasms in the trunk and extremities that are easily triggered by light or emotional stimuli. The symptoms include seizures and dysautonomia (stiff-person syndrome), as well as PERM. Limbic and brain stem encephalitis with opisthotonus, hypersomnia, neuropathic pain, and pruritus are also observed \[[@B42-ijms-21-04941],[@B82-ijms-21-04941]\]. The symptoms improve during sleep and through the administration of diazepam and other GABAergic drugs. Electrophysiological examinations have revealed sustained the co-contraction of agonist and antagonist muscles, and these findings are important for the diagnosis of this disease \[[@B83-ijms-21-04941]\].

5. Conclusions {#sec5-ijms-21-04941}
==============

The recent discoveries of several autoantibodies produced in patients with autoimmune encephalomyelitis have expanded new clinical entities, such as autoimmune psychosis and autoimmune epilepsy, and also provide a deep understanding of the background of neurological symptoms in these disorders, together with new insights into the basic neuroscience. For patients with psychotic disorders or intractable epilepsy previously treated in psychiatric wards, there is a possibility for effective treatment through immunotherapy, such as intravenous methylprednisolone infusion, high-dose immunoglobulin administration, plasmapheresis, or other immunosuppressants. Synaptic receptor dysfunction due to antibody binding causes various neurological symptoms of encephalopathy-associated pathologies. It is unclear why autoantibodies target such proteins, which are widely expressed in the brain, or why different pathophysiological mechanisms resulting from different targeted synaptic proteins converge into a similar syndrome. Each clinical feature might be the consequence of alterations in a synaptic signaling process. However, the experimental evidence describing these relationships is still very poor. Investigations into the mechanisms underlying these phenomena might bring further insight into the altered signal transduction that takes place in CNS networks. In addition, the growing body of knowledge on immunological alterations in the peripheral immune system and CNS inflammation resulting from such autoimmune diseases may provide hints for the relationship between neurodegeneration and neuroinflammation in the future.
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Central nervous system

AEM

Autoimmune ecncephalomyelitis

CSF

Cerebrospinal fluid

AQP4

Aquaporin 4

PNS

Paraneoplastic neurological syndrome

HLA

Human leukocyte antigen

PERM

Progressive encephalomyelitis with rigidity and myoclonus

SCLC

Small cell lung cancer

GAD

Glutamic acid decarboxylase

GlyR

Glycine receptor

VGKC

Voltage-gated potassium channel

NMDAR

N-methyl-D-aspafrtate receptor

CTL

Cytotoxic T lymphocyte

CRMP5

Collapsing response mediator protein 5

DNER

Delta/notch-like epidermal growth factor-related receptor

Ab

antibody-mediated disturbance of receptor/channel function

AMPAR

α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptor

LGI1

leucine-rich glioma inactivated 1

CASPR2

contactine-associated protein-like 2

GABA

B

R

γ-aminobutyric acid type B receptor

GABA

A

R

γ-aminobutyric acid type A receptor

VGCC

voltage-gated calcium channel

LEMS

Lambert-Eaton myasthenic syndrome

mGluR1/5

metabotropic glutamate receptor 1/5

![Anti-NMDAR antibody-detection using NMDAR GluN1 and GluN2B co-transfected HEK 293 cells. Immunostaining of HEK 293 cells expressing NMDARs in a patient's CSF and a mixture of rabbit anti-NMDAR antibodies. The same cells were doubly stained with a patient's CSF and a mixture of rabbit anti-GluN1 and anti-GluN2B antibodies. (**A**) Staining with CSF from an anti-NMDAR encephalitis patient. AlexaFluor 488-conjugated anti human IgG was used for the secondary antibody (green). (**B**) Staining with rabbit anti-GluN1 and anti-GluN2B antibody mixture. AlexaFluor 594-conjugated secondary antibody was used (red). (**C**) Superimposition of the two micrographic images, indicating that the CSF was positive in the anti-NMDAR antibodies. The scale bar in A (10 μm) applies also to B and C.](ijms-21-04941-g001){#ijms-21-04941-f001}
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Autoantibody targets and associated syndromes (modified from \[[@B14-ijms-21-04941]\]).

  -----------------------------------------------------------------------------------------------------
  Intracellular Antigens                                                                      
  ------------------------------------- ------------------------ ---------------------------- ---------
  Hu (HuD)                              limbic encephalitis\     SCLC                         CTL
                                        encephalomyelitis\                                    
                                        cerebellar ataxia\                                    
                                        sensory neuronopathy\                                 
                                        autonomic neuropathy                                  

  Yo (CDR2/CDR62)                       cerebellar ataxia        ovary, uterus\               CTL
                                                                 breast                       

  Ma1/2 (MA)                            limbic/brainstem\        germ-cell tumors of testis   unclear
                                        encephalitis                                          

  CRMP5                                 encephalomyelitis\       SCLLC\                       CTL
                                        polyneuropathy\          thymoma                      
                                        cerebellar ataxia                                     

  Tr (DNER)                             cerebellar ataxia        lymphoma                     unclear

  Ri (NOVA-1)                           opsoclonus-nyoclonus\    breast, ovary\               unclear
                                        rhomboencephalitis\      SCLC                         
                                        cerebellar ataxia                                     

  Recoverin                             retinopathy              SCLC                         unclear

  **Intracellular synaptic antigens**                                                         

  GAD65                                 Stiff-person syndrome\   thymoma                      unclear
                                        cerebellar ataxia                                     

  Amphiphysin                           Stiff-person syndrome\   breast\                      Ab
                                        Limbic encephalitis\     SCLC                         
                                        cerebellar ataxia\                                    
                                        polyneuropathy                                        

  **Extracellular/cell membrane**                                                             

  NMDAR                                 encephalitis             teratoma                     Ab

  AMPAR                                 limbic encephalitis      lung, breast\                Ab
                                                                 thymic cancer                

  LGI1                                  limbic encephalitis      lung, thymoma                unclear

  CASPR2                                encephalitis\            lung, thymoma                unclear
                                        (Morvan syndrome)\                                    
                                        neuromyotonia                                         

  GABA~B~R                              limbic encephalitis\     SCLC                         Ab
                                        prominent seizures                                    

  GABA~A~R                              encephalitis\            thymoma                      Ab
                                        status epileptics                                     

  mGluR1                                cerebellar ataxia        Hodgkin lymphoma             Ab

  GlyR                                  PERM                     thymoma                      Ab

  VGCC                                  LEMS\                    SCLC                         Ab
                                        cerebellar ataxia                                     

  mGluR5                                limbic encephalitis      Hodgkin lymphoma             Ab
  -----------------------------------------------------------------------------------------------------

SCLC: small cell lumg cancer; CTL: cytotoxic T lymphocyte; CRMP5: collapsing response mediator protein 5; DNER: delta/notch-like epidermal growth factor-related receptor; Ab: antibody-mediated disturbance of receptor/channel function; NMDAR: *N*-methyl-d-aspartate; AMPAR: α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic receptor; LGI1: leucine-rich glioma inactivated 1; CASPR2: contactine-associated protein-like 2; GABA~B~R: γ-aminobutyric acid type B receptor; GABA~A~R: γ-aminobutyric acid type A receptor; mGluR1: metabotropic glutamate receptor 1; GlyR: glycine receptor; VGCC: voltage-gated calcium channel; LEMS: Lambert--Eaton myasthenic syndrome; mGluR5: metabotropic glutamate receptor 5.
